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ABSTRACT:

One- and two-color persistent spectral hole-burning properties of the electron donor-acceptor

system meso-tetra-p-tolyl-Zn-tetrabenzoporphyrin/chIoroform in poly(methylmethacrylate) are

examined versus temperature from 1.5 to 90 K. The efficiency for photon-gated (two-color)

hole-burning is independent of temperature, while the one-color hole-burning efficiency

decreases as the temperature is raised from 1.5 K. Raising the temperature improves the

gating ratio (ratio of two- tc one-color hole-burning efficiencies) from 1 02 at 1.5 K to "I0'

at 90 K, The low-power, short-burn-time hole width is also mreasiured l'om I..5 K to 90 K

and is found to have a '1' 1 7 power law behavior.
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1. Introduction

Persistent spectral hole-burning has been utilized as both a tool for studying relaxation

processes in amorphous solids and as a means for possibly achieving high-density

2frequency-domain optical storage. Persistent spectral holes are formed in inhomogeneously

broadened absorption lines when a photoinduced change occurs in the subset of absorbers

that are in resonance with a narrowband laser beam. If the photoreacted centers do not

absorb at the original wavelength, a dip in absorption or spectral 'hole; is formed that may

be detected by subsequent measurement of the absorption line.

While a number of recent investigations have focused upon the process of hole formation

at liquid nitrogen temperatures 3,4, oths have considered photon-gated mechanisms in light

of the limitati ns of single-photon, monophotonic reactions with no threshold. In

photon-gated .ole-burning, two photons (ideally of different wavelengths) are required to

induce the photochemical reaction leading to hole formation. In effect, the first photon

produces the site-selection and the second photon acts as a "gate" on the photochemistry.
6 .7

Both inorganic and organic examples of photon-gating have been found, and the number

of such systems continues to increase 8.

Recently, the characteristics of and mechanism for a particularly high-efficiency

photon-gated material undergoing donor-acceptor electron transfer were reported at the fixed

temperature of 1.5 K ' he material is composed of

meso-tetra-p-tolyl-Zn-tetraben,oporphyrin (TI/T) or its %1p analog combined with various

halomethane acceptors in PMNI MA (polv.(menthhlnethacrylate)). Ilhe efficiency of' this

photoreaction was shown to hc sufliciently high that dctectable holes could be f'ormed in 'N)

ns with focused light from a I10 mW conti nuu s-wave red ascr, f011mowed by a longer gat ing

pulse in the greeni1
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This paper reports the temperature dependence of the photon-gating properties of one

material in this donor-acceptor class, TZT/CH,-13/PMMA, from 1.5 to 90 K. Surprisingly,

the ratio of the two-color efficiency to the one-color efficiency increases with temperature,

and this effect is shown to be ciue to a dramatic decrease in one-color hole formation, which

is a photophysical process. Since the hole width controls the peak absorption cross section

(a crucial quantity reflecting the ability of the light to excite each molecule), the temperatuie

dependence of the hole width is also presented.

II. Experimental Details

Samples of TZT/PMMA/CI1C13 were prepared in a manner similar to that utilized

10previously Solutions of (0.5 g PMMA)/(5 ml (IIC1 3) were prepared by dissolving high

purity monodisperse PMMA in CItC 3. The polymer material with Mp = 107,000 and

M,,/M, = 1.1 was obtained from Polymer Laboratories. A small quantity of the TZT dopant

(synthesized by V. Y. Lee of our laboratory) was added to the PMMA/CIC13 solution under

yellow and red lights, and all subsequent sample handling was performed under yellow and

red lights. Samples were made by placing a few drops of the -Z'I/(lItC 3/PMMA solution

on glass cover slips and allowing the chloroform to evaporate in air at room temperature for

several minutes before insertion into a cold optical immersion cryostat to free7e in the

remaining solvent. Every attempt was made to make the samples similar to one another;

however, the exact concentration of the acceptor chloroform could not be easily controlled.

The samples were ited over a 4 mm aperture on a sample wand and a calibrated

resistance thermometer was pressed into the soft PM.MA immediately adjacent to tile

aperture. Sample thickness varied from 80 to 200 pim.

The temperature dcpendence of' the hole-blrirring clficicncic alid lhe hole w\idth was

examined from 1.5 K to 9)0 K. For temperalllres hlwci 1.5 ind 2.1 K, the sanple was

immerse'd in superfluid ll ilt he lemperatlre wai controlld b throttlin! le I IC tas
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pumping rate. Above 4.2 K, the sample temperature was controlled by warming the lie gas

before it entered the sample chamber. During hole-burning, the largest rise in sample

temperature occurred near 5 K and was no more than 0.15 K.

The optical arrangement for burning persistent spectral holes is also similar to that

previously utilized 1 . In order to burn one-color persistent spectral holes, an

Ar+-laser-pumped single-frequency Rhodamine B dye laser (linewidth 3 Mlhz) was used to

excite the TZT transition at wavelengths between 624.7 and 630.0 nm, with wavelengths

determined by a Burleigh wavemeter. The peak of the TZT/CItC 3/PMMA (0-0) S +-So

transition is near 624.7 rim. Sample optical densities at the laser burn frequency were

between 1.0 and 0.15. The dye laser intensity during writing was varied between 10-6 and

4 x 10 2 W/cm 2 witlh fixed neutral density and variable attenuators. Gated (two-color)

persistent spectral holes were burned in the TZT S, - So origin band by simultaneously

exposing the sampe to the dye laser and 514.5 nm Ar+ ion laser light. The optical density

of the samples at the gating wavelength was less than 0.04 (e.g. see Ref. 10, Fig. 3). This

small amount of absorption (in the singlet states) at the gating wavelength leads to a small

amount of broadband bleaching of the S1 -- S, inhomogeneous line. The Art ion laser gating

intensity was held fixed at 0.5 W/cmn2 throughout. Repeatable sample exposures to the laser

beams were obtained with electronically controlled shutters.

loles burned with the laser were detected in transmission using two methods. Below 6

K, the hole widths were narrower than the 20 (illz singlc-frequency tuning range of tie dye

laser and were measured by repetitively tuning the laser freqtency and detecting the

transmitted laser intensity using a precision ratiometer Above 0 K, another method was

employed to measure tile consequently broader holes. A third probe beam from l grating

spectrometer was overlapped with the hole-biirncd samplc volime. lie spcctrotmcter

consisted of a 75 W ton gsten Iimp wich wi s low-p iss filicdt, ipolariie/l. and dispersed in

a I'31 i tonochrotnal or. lhie dlisperCtl prt)be lielit was, t1en red t1hronel the ,,Illllpc
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and detected with an RCA C31034A-02 GaAs photomultiplicr tube. The phototube current

was measured with an electrometer with a I second time constant. The spectrometer

resolution was determined to be 15 GHz by scanning the monochromator through the dye

laser line. The spectrometer light intensity incident on the sample never exceeded 10-6 W!

cm 2.

III. Experinmental Results

Figure 1 shows examples of one- and two-color hole-burning near the peak of the

singlet-singlet origin for TZT/CIIC 3/PMMA a: 1.55 K. The iwo-color hole in Fig. lii) ' A,:

burned by simultaneous exposure for 2 seconds to a weak write beam near 625.223 nm and

a strongei gating beam at 514.5 nm. Without the gating beam, a one-color hole of the same

depth as the 2.0 s two-color hole at 1.55 K requires a 200 second burn time, as in Fig. 1(c)

(hole on the left). The one- and two-color holes )oth slightly broaden on a one hour time

scale (Fig. 1(a)-(f)), but the hole areas decay differently.

The different behavior of the one- and two-color hole areas in ig. I is plotted in Figure

2 on a log(time) axis. The two-color hole area (Fig. 2(a)) remains essentially constant, but

the one-color hole area decreases logarithmically for this range of decay times (50 to

5 x 103 s). The constant area of tne two-color hole is consistent with a photochemical

hole-burning mechanism with no back-reaction and the decaying one-color hole is conzistent

with a photophysical hole-burning mechanisn 2 (see Sec. IV).

When the temperature is raised above 1.5.5 K, the ability to burn one-color holes

decreases relative to the ability to burn two-color holes. Figure 3 shows one- and two-color

holes burned at 20 K into the Ii( II(' M N1 A origin hand. [lic two-color hole in 1-i1.

3(a) was burned iM 2.0 s. hut tile one-color hole in lier. 30)) reqired .-BN,) s to lchic\c a1

Fractlion of the two-color hole depth. [lie two-color hole IC: s o l( OI ill true 111 loc I d
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after the one-color burn, but decreases during the one-color burn. Notice that the amount

by which the two-color hole area decreases is larger than would be expected if the one-color

hole area were spread over the inhomogeneoi., line. This iv an example of laser-induced

13hole-filling (LIIIF), a phenomenon recognized by Small et. al. for photophysical holes

The 1I.IF observed here for a photochemical hole currently lacks a satisfactory explanation.

In order to compare the ability of the TZI/CIICI3 /PMMA material to form one- and

two-color holes at different temperatures, it is more appropriate to compare the quantum

efficiencies for hole-burning than the hole depths or burn times. When all defects have the

same quantum efficiency, the quantum efficiency for hole-burning may be written

T dt

= (al/hv)(l - T- R) (I)

where thi.. initi1 fractional rate of change of transmission (I/T)dT/dt can be obtained from

a growth curve for the hole, I is the intensity, hv is the photon energy, TO is the initial

transmission, and R is the reflection loss. This efficiency is the inverse of the mean number

of write beam photons absorbed per hole-burned TZT molecule. Since for an amorphous

host there is probably a distribution of efficiencies, j should be viewed as an apparent or

effective efficiency for comparison purposes. The zero-phonon line peak cross section (T is

proportional to the inverse of the hole width in the low power, low burn-fluence limit. As

a measure of the temperature dependence of the quantum elliciencv for hole burning, we

define an unnormalied efficiency 1 , which is proportion;al to the ;ictual quantum eflici;cncv

il (at least for one-color holes) as

PI d I
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where P is the (A,) write beam power (for fixed spot size) and AvI1 is the persistent spectral

hole width (full-width at half-maximum). Since the gating beam intensity is held constant

at the near-optimal value of 0.5 W/cm 2 throughout these experiments, we use the i1"

expression for both one- and two-color hole-burning. In the case of two-color hole-burning,

it is clear that n* represents an overall measure of the efficiency of hole production, rather

than any particular microscopic quantum efficiency.

Figure 4 shows the growth of one- and two-color hole depths and widths at 2.03 and

16.2 K with burning time. In Figs. 4(a) and 4(b), the initial slopes of the one- and two-color

hole growth curves at 2.03 K differ by a factor of 100 (compare the time axes). Since the

2.03 K hole widths and write beam intensities in Figs. 4(a) and 4(b) are nearly the same, the

one- and two-color r/" values at 2.03 K also differ by a factor of approximately 100, as shown

earlier in Fig. 6 of Ref. 10.

The effect of raising the temperature on the two-color growth rate and hole width is seen

in Figs. 4(b) and 4(c) -- raising the temperature from 2 to 16 K decreases the two-color hole

growth rate by a factor of 15 and increases the hole width by a factor of 50. Since the write

beam intensity used to burn the hole in Fig. 4(c) is twice that in Fig. 4(b), the ratio of the

two-color j/ values at 16 and 2 K is 50/(15x2) = 1.7. Factor of two error bars are common
14

in measurements of hole-burning quantum efficiencies , so one may conclude that he

two-color q' has not changed significantly with temperature. Note that the two-color hole

depth grows more slowly at higher temperatures mostly because the number of TZT

molecuie, with absorption frequencies within one homiogeneous width of the write beam

frequency has increased and more delects need to be burned to achieve the same hole depth

in a given time.

In contrast tc. tihe modest lictor of' 15 decrtease in iwO-color holc growth ratlc fom 2 to

10 K, the one-color hole growth rate decreases much v-oc IloTlwk (compare Iligs. , a( and

1(d) with 4(h) and 4(c)'}. It is mulch more diflicult to bumli olc-( fqol holes ;o hishcr
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temperatures, so the 16 K one-color hole growth curve shown in Fig. 4(d) required 200 times

the intensity as that used in Fig. 4(a); even with this increased intensity the growth rate is

still 200 times smaller, initial slope. Ilence, in raising the temperature from 2 to 16 K. the

one-color i * value has decreased by 50 /(200x200 = 1/800. In other words, while the

two-color hole-burning efficiency remains constant, the one-color hole burning efficiency

appears to dramatically decrease with temperature.

With such large differences between one- and two-color efficiencics, raising the write beam

intensity to burn one-color holes is necessary in order to form one-color holes in a reasonable

amount of time. Another reason we found it desirable to raise the write beam intensity has

to do with the the small amount of bleaching by the gate alone. Note the small offset in

the transmission baseline from a value of 1.0 in Fig. 1(a). This broadband bleaching occurs

due to the small amount (less than 10 %) of absorption by the vibronic tails of the

S1 - So transition at the 514 nm gating beam wavelength. The amount of broadband

bleaching by the gating light is temperature independent and only depends on the gating light

exposure time. Since at constant write intensity the two-color burn times become longer

with temperature, the amount of overa!l line bleaching per two-color burn becomes greater.

Raising the write beam intensity as the temperature is raised then allows for short, constant

two-color burn times on the order of 2.0 seconds and a tolerably small amount of bleaching

by the gating light.

One possible adverse effect of increaring the write beam intensity can be seer Iy

comparing the Hioe widths in lie,. 4(cl and 4(d). Namely. increasine the write beam intensity

can power broaden tile hole, which masks the low-power hole width. Since wve wish to raise

the write heam intensity with t emperat ure witliout powe, broadening the hole wildth tile

elebct of power br cmidening was e\amined witli teimpcrat ic.

VIi'ire 5 show how two-color hoc widths powcr ibro;iicn At ,t\ cind ttlrerl ile's. -

i ir tIi t 1 :|[iI ii l : ; i \e ten( I pe'MjC T lrc•t r wi ite (,;i n i m II fltcn, ;I,, w 'H t'd ' IT h xi elth
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shallow holes ((Aa)/o = 0.05 to 0.1 ). The hole width was then measured as a function of

the burn intensity at constant burn fluence (this avoids the additional broadening that

accompanies photochemical hole depth saturation at high burn flucnce). At low intensities,

the hole width changes little. As the intensity is raised further, the hole width is observed

to broaden. The onset of power broadening occurs at higher intensities as the temperature

is raised (Fig. 5(a)-(d)). The expression for the hole width as a function of intensity due to

power broadening is

2 (I + /1-+l/I), (3)

where I,, is the (three-level) saturation intensity which is proportional to a product of the

dephasing rate, excited state decay rate, and the ratio of the leaving and inteing rates for
15

the intermediate state . The low-power limiting hole width Ati 'l is only proportional to the

dephasing rate. The power broadening expression (FEqn. 3) was fit to the data to find the

saturation intensities at various temperatures (see the Fig. 5 caption). The saturation

intensity increases with the hole width, but not simply in proportion to the hole width.

Normally the excited state lifetime, trilrct yield, and triplet lifetime are only weakly dependent

on temperature; which of these parameters is clianging in our case cannot be (etermined from

our data. Nevertheless, knowledge of the rate of hole broadettiig with intensity allows careTful

choice of laser intensities for hole width measurements.

laying thus established the upper burn ITInce and irttestiv limits helow which there i1

negligible hole broadening, the low power, hort burn-titme hole wkidth were m"I;rd a

function of temperature, Figure 6 shows the variatii (4 * / 1Y V T ( ltl I,',4\ I\ Sj, S.

iero-photion hole width over two decades in tcmpcrature. RelativC to the inhlltmoeCnci
line width o 300 C11 ', the hole widths span a rateC of ).- cT w lfl() un w I. to

90h K. [hc data can !e lit with ai power Iw expressin I ,,(I oI h)1

i"f n . 1.



where the low temperature limiting hole width is 0.035+±0.006 cmi 1, the coellicient fl Is

0.006+0(.001 cm '1K 2 ' 1 and the power law exponent Is n =2.17 -t 0.07.

T11' I al experimental result to he presented in this paper is of' importance to possible

E-cqucv-domiain optical storage applications. F'or the purposes of' this paper, we (deflnc the

ratio of two- and one-color q* values to be the gating ratio. T[he gating ratio should he made

as high as possible in order to maximize thc nondestructive reading of- a persistent hole.

[he temperature dependence of the two- and one-color ?1* values is presented in 11g. 7. The

two-color in* (Fig. 7(a)) is essentially Independent of temnperatuire from 1.5 to 90 K. In

contrast, the one-color ,7 decreases substantially as the temperature is raised fromn 1.5 K to

90 K. (The straight line fits in Fig. 7 are guides to the eve.) By inspection of' Fig. 7, one

sees that the gating ratio is improved fromn _,I l2 to 1 0' as the temipera tutre is raised f'rom

1.5 K to 90 K. The large Scatter inI the data IS (ILue most V to sample to sample variations

!n the acceptor concentration .Another possible source of' error in the one-color data that

was not examined is the possibility that at higher temperatures (where higher one-color

intensities were used), a fraciun of the one-color hole may actually bie a self-gated

Photochemical hole. [his Would mean that the actual one-color ph otophivsical eficiency

would dlecrea se even faster tha'n tha't shownI In IFig. 701h).

I.Discussion

Io wnrsut rc is,jcwdk III thw, sc~lol: (A 111 theun-&oleipiehi ii lehinn

ellecic'. dCre(,i'e1 With tenCTIj)r.ltl;C 111 I e. -,. Ilk! (I t II e i11 ()p\I rll;itlCI\ I J('1 eIJeC et IOT

I lie hole wid th ii cr If temiperli tire r;Irv (dee o I K to h)) K it) 1 11 o I lititii

dlc ilc)c(Ii 111 rh c kne loh hlwc huirilis: cfllkcll \ 1 hv, (1 el 111 il icurr(dimt11 llodel
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A. The apparent hole-burning efficiency temperature dependence

The mechanism for photophysical hole-burning in anorphous solids has been C\plalCd

in terms of changes in the structure of the host materlal during an opt!cal cycle of the delfect

or guest molecule13,7 The structural changes are thought to occur through tunneling

transitions of as-yet-unidentified tunneling systems known as two-level systems (HIS). fhe

TLS have a wide distribution of tunneling rates, which give rise to relaxation behavior that

is logarithmic on time scales intermediate between the maximum and minimum relaxation
12

timnes in the glass (see Fig. 2(b)). The hole-burning mechanism has been described as cither

(a) a phonon-assisted tunneling (PAT) transition occurring after a guest molecule has been

excitcd into an electronic excited state by the laserl or (b) as a simultaneous eiectrOriic- I S
..13

transition . In case (a), the efficiency for hole-burning is given by the rate of- PAT in the

electronic excited state relative to the rate of decay out of the excited state. In the latter

case (b), the hole-burning efficiency depends on the strength of the couplIn of' the gues

molecule to the TLS. For either of the proposed mechanisms, there is probably a wide

distribution of hole-burning efficiencies because of the wide distribution of tunneling rates

or coupling strengths. (enters with high efficiency are burned first, so the initial growth of

a photophysical hole and our definition of the measured I* involves high eficiencv centers.

After a center is burned the center must have reasonably large harriers to relaxation of the

TLS in the ground state in order to contribute to the persistent hole. lence, centers that

contribute to the initial growth of a (persistent) hole are lhe aI11 Fra ctioMl 1n at ctcrs that

have both high burning efficiencV and long ground state relaxatiln ITInWs cnilp'lircd t he

burning and detection time scale.

In Fig. 7, the photophysical one-color ?1' is ,bsCrvd to decCrease %';I 1 ICnpeTIttl.i,

means that the number of high efliciencv decct (onlitlhli1tit 1 t 'e I .k Han the Him

time or renaininiL hurnied until the hole is detected decreaseCs. I ()'I re ilil', , i. ). P' I

incrt es With tcmper t ilu tre a; the lo n .ilprit i{ m r 11111111'('T', t ' 1I,'1 i :,:': !, it
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center's efficiency for hole-burning should also increase. For mechanicm (b), Lhe coupling

strength and associated crossing transitions are not expected to be temperature dependent,

and the efficiency for photophysical hole-burning should be temperature independent. The

decrease in n* must then be due to an increase in the ground state relaxation rates either

by PAT or thermally activated jumping over ground state barriers. In other words, the

measured efficiency for production of persistent holes decreases with temperature apparently

because the fraction of high efficiency defects that do not undergo ground state relaxation

within the hole-burning time and before hole deiection decreases. It is hoped that by

presentation of these results, more detailed theoretical explanations of this phenomenon will

be generated.

B. Twvo-color hole width temperature dependence

The two-color, low-power hole width temperature dependence for TZT in the organic

polymer PMMA with excess CIICI3 is fit nicely with a 'T2 power law from 1.5 K to 90 K.

Recent reviews of homogeneous linewidth broadening with temperature in glasses have

pointed out that the temperature range studied for inorganic glasses (0.05 to 800 K) spans

a much broader range than for organic glasses (0.05 to 25 K) (see Table I of Ref. 19 and

Table 2 of Refl 20). For homcgeneous linc'idth studies in inorganic glasses above 10 K,

the temperature exponent is typically 2. A l (ependence for the dcphasing rate is attributed

to a two-phonon Raman scattering process. In crystals, the two-phonon rcattering process

gives rise to a 12 dephasing rate above the l)ebve tempe:,ttire. which is oi the order of 11

K. 'Ihe 12 dependence in glasses down to 11) K has been ascrihed to an cffectiye ]oretering

of the I)ehve temperature by the large den ciiv of IS sIJlcs at low freqlncis'

In studics of lollniocncows lirCxiidths In oreani c fI;1ss where da I" obi hiecd only

bclowk 10 K or 20 K. liw tormpcra rl c Ce po Ctie is Iiin f l )c betwl ,) I ;)d .) i ;l\ aIMM
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20 22
with a large number of values near 1.3. The lower exponents are essociated with

dephasing by the large density of low frequency TLS states.

We have extended the range of temperature over which the homogeneous holewidth has

been studied with a single technique for an organic glass from below 10 K to well above 10

K, and find that a T2 dependence fits the data in both regions (see Fig. 6). The 1 2 behavior

in the region above 10 K is similar to that found for inorganic glasses. lowever, for many

organic glasses below 10 K, exponents below 2 are found, and the theoretical models can

23generate a range of temperature exponents . What is useful about the present measurement

is the large temperature range over which the low-power limiting hole width can be measured

for an organic glass.

A note about the scatter in our measured hole widths below 10 K is in order. In our

samples, the local environment around the TZT molecules by necessity consists of PMMA

host chains and a large number of chloroform acceptor molecules. The effect of residual

solvent on homogeneous line width temperature dependence in the low temperature region

24
(T < 5 K) for organic glasses has been examined . Residual solvent can raise the low

temperature limiting linewidth without changing the T < 5 K exponent. Since special

precautions were not taken to absolutely control the amount of ('11C13 solvent in the TZT/

CI1(1 3/PMMA samples, varying amounts of solvent from sample to sample may be

responsible for the larger scatter in the low temperature data of lig. 6.

The low temperature limiting hole width of 0.035 cm j iz much larger than the 0.0005

cm I width expected from the fluorescence decay time alonce . (Mc p(osible cxplantion for

th i result could be spectral di iision effl-ect s; recent carehil conipa i con s between widths

ica sured by hole-hurning a ll widhs incasurcd h photon cchocs ha~c illu trated the

imporimncc -f sich clt'lcts in alllorphou hostsI Vor this 1C1O ,l we hcld the detectiOn tu1e

ti\cd (;at ,evcral minnist-?) For our measurmentwlicnt\tr posihlc. ( leakt. thc j>rc~nt

sy% !ci wlth Sl ;1, ntr lllC t\. o- ,101 hoh"-lm tt',inev mes'vli)s .,tn, pl t \ sln A mi mnc,-o r
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mechanism would be an intriguing material to study by a combination of hole-burning and

photon-echo measurements.

The constant hole-burning efficiency for the photon-gated photochemical hole-burning

process in Fig. 7(a) provides for holes that may be burned in 2,0 second burn times (and

presumably much shorter time scales' 0 ) over a wide range of temperatures. The decreasiig

photophysical or one-color hole-burning efficiency with temperature means that the gating

ratio and nondestructive reading of the two-color holes is improved by raising the

temperature into the liquid nitrogen temperature range (77 K). The irreversibility of the

photon-gated photochemical hole-burning process in TZT/CI('I/PMMA and the small

amount of bleaching by the gating beam at 514.5 nm required that new samples be made

after several holes were burned in one sample, which resulted in large sample-to-sample

scatter in some of the data. One way to improve this situation would be to find a

photon-gated hole-burning system in a glass with the possibility of reversibly erasing the

holes with a third color. A reversible photon-gated hole-burning system would allow for

temperature dependent gated hole-burning studies over a wide temperature range in a single

glass sample without the associated sample-to-sample variations. Another way to improve

sample-to-sample repeatability would be to utilize chlorinated host polymers, thus fixing the

acceptor concentration. In recent measurements, photon-gated hole-burning for TZT in

poly(vinyl chloride) has been observed9 .
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Figure Captions

Figure 1. One- and two-color persistent spectral holes burnt at 1.55 K into the S, - So

electronic absorption of TZT in CIICl3/PMMA. Ratios of final to initial laser transmission

spectra centered at 625.223 nm are shown at various times after (a) a two-color and (c) an

additional one-color persistent spectral hole are burnt. (The spectrum labeled (a) is on scale

and subsequent spectra are offset by multiples of -0.1). The two-color hole in (a) is burned

in 2 seconds and the one color hole in (c) requires a much longer burn time of 200 seconds

(the write intensity for both holes is 3.7 jjW/cm 2 and the second 514.5 nm gating intensity

is 0.5 W/cm 2). The spectra are obtained at times (t 1 ,t 2) after the (one-color, two-color) holes

are burnt of (a) (-,10 s); (b) (-, 395 s); (c) (60 s, 730 s); (d) (300 s. 970 s); (e) (845 s, 1515

s); and (f) (3480 s, 4150 s). Note that the photochemical two-color hole does not decay

appreciably whereas the photophysical one-color hole decays by half.

Figure 2. One- and two- color persistent spectral hole area decay at 1.55 K. The integrated

areas of the (a) two-color and (b) one-color persistent spectral holes in Fig. I are plotted

against log(time) as measured from the end of cach burn. On the time scale shown the

one-color hole depth decays linearly vs log(t). The two-color hole area is approximately

constant in time.

Figure 3. One- and two-color persistent spectral holes burnt at 20 K. Rcfcrence and

hole-burned monochromator transmission traces are shown in the upper portion and the

corresponding fractional changes in absorption coellicient are shown in the lower portion

of the figure. The noise in the fractional change in a increases ;t,; -f gocs to /cro ,it longer

wavclength. (a) a two-color hole is burncd in 2 secon( ;it 612.02'? nn. (h) hcr one-color

hole hurned at 624.947 nr rncquircs a Irnch lon!er bnlrn hiMC .(dJI) " ;o Ichicc oilv aI
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fraction of the two-color hole depth burned in 2 s. (The write intensity fbr both holes is 7

mW/cm 2 and the gating intensity at 514.5 nm is 0.5 W/cm 2).

Figure 4. One- and two-color hole depth and width growth curves at 2.03 K and 16.2 K.

The hole depth and corresponding width curves are labeled by the same letter. (a) and (b)

correspond to 2.03 K, and the broader, more slowly grown holes in (c) and (d) correspond

to 16.2 K. (a) a write beam intensity of 14 pW/cm 2 burns a one-color hole at 2.03 K on a

1000 second time scale. (b) including a gating intensity of 0.5 W/cm 2 at 514.5 nm produces

a two-color hole in 1/100 the time needed in (a). (c) a two-color hole burned at a higher

temperature of 16.2 K is broader and grows more slowly than at 2.03 K (in (c) the write

intensity is doubled to 28 ,W/cm 2). (d) a one-color hole burned at 16.2 K burns so slowly

that a 100 times higher write intensity of 2.9 mW/cm 2 is needed to produce this growth curve.

Comparing the hole widths in (c) and (d) also shows that uin, a higher write beam intensity

broadens the hole.

Figure 5. Two-color hole width power broadening at several temperatures. At a given

temperature, a burn fluence is selected at low power so that the hole depth is fixed between

0.05 and 0.10. The write beam intensity and burn time are reciprocally varied to hold the

write beam burn fluence fixed, and the hole width is measured (with gating intensity at 514.5

nm held fixed at 0.5 W/cm2). The data are fit with a finction decribeld in the text to find

the saturation intensity at each temperature of(a) 17 1AV cm 2 at O.A K twrite fluence 0l.23

iit,'cmn2). (b) 1.5 nW /cm ? at 8.1 K (writc "1cnce - 1.7 m-l cm,) (,) I r, ,W (!n at I 0

K (write fluence = 4.3 mJ,'cm), and (d) 3.3 mW cm at .12,1 K (write Iiuence - S.6 ml

Cfil
2

).

Figure 6. Iwo-color hole-width variation with teruperaltIde. ihe idth Ilk 'hWiiow VtWO-cOlIO,

holes bllrlied to a depth Ictweell ().M alld 01( at intelllec, he. 1 v t he saltlll;llll lllten i,lt\
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are plotted over two decades in temperature. The data are fit by a constant plus power law

function giving a low temperature limiting hole width of 0.035 + 0.006 cm-1, a power of 2.17

L 0.07, and coefficient (f 0.006 ± 0.001 cm I /K 2
.1

Figure 7. Variation of two- and one-color hole-burning efficiency with temperature. A

quantity i, which is defined in the text and is directly proportional to the quantum efficiency

for hole burning, is plotted with temperature for one- and two-color persistent holes. (a) the

two-color hole-burning efficiency is roughly constant over two decades in temperature. By

contrast, the one-color hole-burning efficiency in (b) is two orders of magnitude lower than

the gated hole-burning efficiency at low temperatures and decreases to four orders of

magnitude below the gated hole-burning efficiency at 100 K.
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